Background & Summary {#Sec1}
====================

Turbot (*Scophthalmus maximus*) is an economically important flatfish with both eyes on the upper side of the body, and it is commonly found along the Atlantic coast of Europe. Aquaculture of turbot was initiated in Scotland in the 1970s and subsequently expanded into other European countries by the early 1980s^[@CR1]^. In the 1990s, turbot was introduced to China where its farming has since developed rapidly. China is currently the largest producer of turbot in the world^[@CR2]^. Turbot growth is sexually dimorphic, with females eventually attaining sizes up to 50% larger than those of males^[@CR3]^. An all-female stock can potentially increase the production value of turbot aquaculture. The sex determination system of turbot follows the ZW/ZZ model, and this system can be affected by environmental factors^[@CR4]^. Therefore, understanding the genomic architecture of female and male turbot may enable screening for sex determination loci, improve understanding of the interactions between genetic and environmental factors in sex determination, and lead to the acquisition of genomic resources for molecular breeding. Four sex-related QTLs, located on four different linkage groups, have been found in turbot^[@CR5]^. Though the turbot genome has been assembled, the sex-determining mechanism of turbot remains unclear^[@CR6]^.

In this study, we sequenced, assembled and annotated the female and male turbot genomes, and conducted a phylogenetic analysis using the genome sequences of eight other closely related species. A 568 Mb female genome sequence and 584 Mb male genome sequence were assembled. The draft turbot genomes represent a valuable resource for isolating the sex determination genes, increasing our understanding of flatfish development and improving the molecular breeding techniques for turbot.

Methods {#Sec2}
=======

Turbot samples and genome sequencing {#Sec3}
------------------------------------

One female (ZW) and one male (ZZ) adult turbot were selected for whole genome shotgun sequencing and were temporarily maintained at 16 °C in laboratory facilities. Subsequently, the physiological sex of each turbot was determined by paraffin sectioning and HE staining of its gonadal tissues (Fig. [1](#Fig1){ref-type="fig"}). Blood samples were collected from the subjects using sterile syringes that contained anticoagulant solution (0.5 M EDTA, pH 8.0). Blood samples were stored at 4 °C. High-quality genomic DNA was extracted using Puregene Tissue Core Kit A (Qiagen, USA) for constructing DNA libraries (2 k\~40 Kb). We constructed three paired-end (PE) libraries (170 bp, 500 bp and 800 bp) and five mate-paired (MP) libraries (2 kb, 5 kb, 10 kb, 20 kb and 40 kb) for female turbot using TruSeq PE Cluster Kit v3-cBot-HS (Illumina, USA) and Nextera Mate Pair Library Prep Kit (Illumina, USA). The samples were sequenced using the Illumina HiSeq. 2000 platform. We constructed six libraries (PE libraries 170 bp, 500 bp and 800 bp; MP libraries, 2 kb, 5 kb and 10 kb) for male turbot using HiSeq. 3000/4000 PE Cluster Kit and Nextera Mate Pair Library Prep Kit (Illumina, USA), the samples of which were sequenced using the Illumina HiSeq. 4000 platform. In total, we generated 99.5 Gb and 196.4 Gb of raw data for the female and male turbot, respectively. Before genome assembly, we filtered artificial and low-quality reads, resulting in 89.3 Gb and 174.6 Gb of clean data for the female and male fish, respectively (Table [1](#Tab1){ref-type="table"}).Fig. 1Paraffin sectioning and HE staining of gonadal tissues of the female and male turbot. (**a**) Section of the ovary. (**b**) Section of the testis.Table 1Summary of sequencing data.LibrariesFemale turbotMale turbotTotal raw data (Gb)Total clean data (Gb)Total raw data (Gb)Total clean data (Gb)170 bp20.3319.75//230 bp//65.9359.85500 bp11.029.9549.3747.58800 bp8.917.4219.7217.92 kb31.0828.8116.8413.385 kb8.397.4422.5517.8110 kb13.0111.2521.9918.0820 kb1.861.79//40 kb4.92.88//Total99.589.29196.4174.6

In general, genome size (G) can be calculated following the formula G = K_num/K_depth, where K_num is the total number of k-mer and K_depth is the expected coverage depth of k-mer^[@CR7]^. We used the 31.3 Gb of female sequence data and the 59.8 Gb of male sequence data to estimate the genome sizes of turbot. The parameters used for the female were: K, 17; K_num, 26,302,164,550; and K_depth, 47. For the male, the parameters were: K, 17; K_num, 53,446,209,674; and K_depth, 95. We estimated the genome sizes to be 559 Mb and 562 Mb for the female and male, respectively. Based on these estimated genome sizes, the high-quality data we obtained covered 159X and 310X the haploid genome of female and male turbot, respectively.

Genome assembly and anchoring of the pseudo-chromosomes {#Sec4}
-------------------------------------------------------

The turbot genomes were *de novo* assembled using SOAP*denovo*2 (v2.04)^[@CR8]^ with a parameter of "-K 29". SOAP*denovo*2 employs the *de Bruijn* graph algorithm to simplify assembly and reduce computational complexity. The gaps were filled using GapCloser (v1.12)^[@CR8]^ with default parameters. Using this method, we assembled a genome spanning a contig length of 542 Mb, with a contig N50 of 12.16 kb, and a 568 Mb scaffold length, with a scaffold N50 of 6.2 Mb, for the female. The male genome had a contig length of 553 Mb with a contig N50 of 16.52 kb and a scaffold length of 584 Mb with a scaffold N50 of 5.9 Mb (Table [2](#Tab2){ref-type="table"}). The sizes of the draft assemblies in our study are a few Mb larger than that of a previous turbot draft assembly of unknown sex^[@CR6]^.Table 2Turbot genome assembly statistics.Genome assemblyFemale turbotMale turbotContig N50 Size (kb)12.1616.52Contig No. (\>1 Kp)73,67157,539Longest Contig (kb)197.81132.66Total Contig Length (Mb)541.51553.24Scaffold N50 Size (Mb)6.175.93Scaffold No. (\>1 Kp)6,2921,064Longest Scaffold (Mb)19.8819.47Total Scaffold Length (Mb)568.45584.74GC Content (%)43.4243.70

To construct pseudo-chromosomes of the turbot genome, we anchored the scaffolds of the female genome onto linkage groups on two genetic maps: one containing 514 SSRs and the other containing 6,647 SNPs^[@CR5],[@CR9]^. We mapped SSR and SNP markers to the scaffolds using e-PCR and BLASTN (e-value ≤ 1e-5), and we linked the scaffolds that had SSRs and SNPs consistent with those on the maps onto the chromosomal regions, with strings of 'N's representing the gaps between adjacent scaffolds. The scaffolds with markers located on different chromosomes were filtered out. In total, 420 scaffolds with 535 Mb lengths were anchored onto 22 chromosomes, and 94% of the scaffolds were used.

Genome annotation {#Sec5}
-----------------

Transposable elements (TEs) are abundant in vertebrate genomes and contribute to genome evolution^[@CR10]^. We identified TEs in the female turbot genome using both homology-based and *de novo* prediction approaches. In the homology-based approach, we identified known TEs by searching for regions that match the RepBase TE library (v16.10)^[@CR11]^ using RepeatMasker (v3.3.0)^[@CR12]^ and RepeatProteinMask (v3.2.2). In addition, we constructed a *de novo* repeat library of the turbot genome using repeatScout (v1.0.5)^[@CR13]^. Furthermore, we used the *de novo* library as a reference and used RepeatMasker to further identify TEs. In total, we identified 87.8 Mb of TEs, accounting for 15.44% of the genome, which represents a higher proportion of the genome than do the TEs of other flatfish genomes (56.2 Mb in Japanese flounder and 20.3 Mb in Chinese tongue sole)^[@CR14],[@CR15]^. Among the different types of TEs, DNA transposons were the most abundant (5.77%, 32.8 Mb) (Table [3](#Tab3){ref-type="table"}).Table 3Predicted levels of differentgenomic repeat elements.RepBase TEsTE Proteins*De novo*Combined TEsLength (bp)% in GenomeLength (bp)% in GenomeLength (bp)% in GenomeLength (bp)% in GenomeDNA20,826,3073.661,913,1790.3416,586,4792.9232,827,8405.77LINE8,911,1171.575,680,8891.007,515,4451.3213,233,1572.33LTR8,577,9081.512,067,7450.361,931,9000.3410,207,9711.80SINE2,054,0640.3600.002,462,5610.432,749,8220.48Other7,6100.0000.005,880,1971.035,887,8071.04Unknown00.0000.0033,943,7465.9733,943,7465.97Total36,237,2316.379,656,5991.7067,224,07111.8287,802,76015.44Note: Repbase TEs, the results of RepeatMasker based on Repbase; TE proteins, the results of RepeatProteinMask based on Repbase; *De novo*, the results of RepeatMasker by using the library predicted through *De novo*; Combined, all the results combined.

We also used homology-based and *de novo* approaches to predict genes in the female genome assembly. For the homology-based prediction, *Danio rerio*, *Gasterosteus aculeatus*, *Oryzias latipes*, *Takifugu rubripes*, *Tetraodon nigroviridis*, *Cynoglossus semilaevis*, *Paralichthys olivaceus* and *Homo sapiens* proteins were downloaded from Ensembl (release 60) and NCBI, and we mapped the protein sequences onto the turbot genome using tblastN (e-value ≤ 1e-5). Homologous genome sequences were aligned against matching proteins using Genewise (v2.4.0)^[@CR16]^ to define genes. We identified 11,245 to 20,057 homologous genes using the eight species reference. For *de novo* prediction, Augustus (v2.5.5)^[@CR17]^ and Genscan (v1.0)^[@CR18]^ were employed to analyze the repeat masked genome, which predicted 24,402 and 28,024 genes, respectively. Additionally, RNA-seq data were mapped to the genome to support 17,688 genes. To combine the results from the various analyses, we used Glean^[@CR19]^ to obtain a primary non-redundant gene set of 20,134 genes with a mean gene length of 10,322 bp and an average CDS length of 1,605 bp (Table [4](#Tab4){ref-type="table"}). The average exons number per gene was 9.63, and the average length per gene was 166 bp (Fig. [2](#Fig2){ref-type="fig"}). For the predicted gene set, we annotated motifs and domains by using InterProScan (v5.16)^[@CR20]^ against publicly available databases including Pfam, ProDom, SMART, PRINTS, SUPERFAMILY and PROSITE^[@CR21]^. We identified 18,434 genes containing conserved functional motifs in the predicted protein sequence. We also obtained Gene Ontology (GO) information for the predicted genes and found that 15,837 genes had GO annotations. We mapped the protein sequences from the turbot genome to the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway maps (KEGG database, release 58.0) using BLASTP (e-value ≤ 1e-5)., which assigned KEGG pathways to 9,930 genes. We also searched the SwissProt and Trembl databases (UniProt, release 2011_06) using BLASTP (e-value ≤ 1e-5), which resulted in a total of 14,806 and 18,441 assigned proteins, respectively. Only 353 genes (1.75%) were not supported by the protein databases.Table 4Summary of predicted protein-coding genes in the female turbot genome.Gene setNumberAverage gene length (bp)Average CDS length (bp)Average exon per geneAverage exon length (bp)Average intron length (bp)*De novo*Augustus27,28311,9821,3737.84175.091,551Genscan26,36515,4751,5799.5166.231,635Homolog*G. aculeatus*19,7899,8441,5409.51161.89976*D. rerio*17,20910,6491,5799.65163.731,049*O. latipes*20,0578,6191,4258.7163.86935*H. sapiens*11,24514,1911,71011.19152.821,225*T. rubripes*18,18510,4261,6019.84162.71998*T. nigroviridis*17,0438,8351,4468.99160.85925*C. semilaevis*19,7499,9281,5339.14167.611,031*P. olivaceus*20,02811,1901,6939.76173.51,085RNA-seq*S. maximus*17,6688,0501,8268.52214.3868Final set20,13410,3221,6059.63166.631,010Note: Gene length includes the lengths of the exon and intron regions but not the lengths of the UTRs. The accession numbers of the RNA-seq data in this study are SRR4853423 and SRR346085.Fig. 2Comparisons of gene parameters among *Scophthalmus maximus*, *Danio rerio*, *Paralichthys olivaceus*, *Gasterosteus aculeatus*, *Oryzias latipes*, *Takifugu rubripes*, *Tetraodon nigroviridis* and *Homo sapiens* genomes. (**a**) Gene length distributions of the species. (**b**) CDS length distributions of the species. (**c**) Exon number distributions of the species. (**d**) Exon length distributions of the species. (**e**) Intron length distributions of the species. Y-axis of (**a**,**b**,**d**,**e**) stand for density, while Y-axis of (**c**) stands for ratio of genes.

Gene family clustering {#Sec6}
----------------------

A gene family is a group of genes with similar structures, general with similar functions^[@CR22]^. We clustered the genes into gene families of turbot and *D. rerio*, *G. aculeatus*, *O. latipes*, *T. rubripes*, *T. nigroviridis*, *C*. *semilaevis*, *P. olivaceus* and *O. niloticus* using OrthoFinder2 (v2.2.7)^[@CR23]^. A total of 20,134 turbot genes were clustered into 14,440 gene families with an average of 1.39 genes per gene family. We identified 369 putative specific gene families among the three flatfish species included in the analysis. These lineage-specific gene families may have contributed to the evolution of flatfish (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Venn diagram of the numbers of unique and shared gene families among nine sequenced teleost species.

Phylogenetic construction and divergence time estimation {#Sec7}
--------------------------------------------------------

For phylogenetic analysis, 3,512 single-copy gene families were defined as orthologous genes by OrthoFinder2 (v2.2.7)^[@CR23]^. We used MAFFT (v7.427)^[@CR24]^ for multiple sequence alignment and used trimAL (v1.2)^[@CR25]^ for automated alignment trimming. Subsequently, we used IQ-TREE^[@CR26]^ (-m MFP) to reconstruct the phylogenetic tree.

We used the BRMC approach to estimate species divergence times using MCMCTree through the Phylogenetic Analysis by Maximum Likelihood (PAML) package (v4.5)^[@CR27]^. The MCMC process of the PAML MCMCTree program was run to sample 200,000 times, with sample frequency set to 2 and a burn-in of 20,000 iterations. Other parameters were set at their default values. The calibration times for the *T. rubripes-T. nigroviridis* divergence and *D. rerio*-*O. latipes*, *G. aculeatus*, *T. rubripes*, *T. nigroviridis* (min 149.85 Mya; max 165.2 Mya) were derived from previous research^[@CR28]^.

Our analysis suggests that turbot, Japanese flounder and Chinese tongue sole, all of which belong to Pleuronectiformes, form a monophyletic clade. Our phylogenetic analysis suggests that the turbot and Japanese flounder likely shared a common ancestor approximately 65 million years ago (Mya) and that this ancestor diverged from the Chinese tongue sole approximately 78 Mya (Fig. [4](#Fig4){ref-type="fig"}). These findings are consistent with conclusions from previous evolutionary studies^[@CR14],[@CR29]^.Fig. 4Evolution of orthologous gene families and their estimated divergence times in nine teleost species. The blue numbers on the nodes are the divergence times in million years ago (Mya). The red circles indicated the calibration time.

Data Records {#Sec8}
============

The genomic sequence data have been deposited to NCBI *Sequence Read Archive* (SRA) with the accession number SRP197491^[@CR30]^. The female genome^[@CR31]^ and male genome^[@CR32]^ assemblies are available at NCBI *GenBank*. The whole genome shotgun (WGS) project has the project accession VEVO00000000. This version of the project (01) has the accession number VEVO01000000, and consists of sequences VEVO01000001-VEVO01028256^[@CR33]^. The list of gene families generated in this work, the annotation gff files of the female genome and the repeat annotations, the alignment file used for constructing the phylogenetic tree and the tree output are available at *Figshare*^[@CR34]^.

Technical Validation {#Sec9}
====================

Genome assembly quality assessment {#Sec10}
----------------------------------

To assess the qualities of the male and female genome assemblies. we first used BWA^[@CR35]^ with the default parameters to map the PE libraries reads used for assembly back to the corresponding genome, and we used the SAMtools flagstat function (SAMtools v1.9)^[@CR36]^ to count basic statistics. For the female genome, 99.6% of the PE library reads could be mapped back to the female assembled genome and 96.38% of the mapped reads could be mapped in proper pairs. For the male genome, the re-mapped reads and the reads mapped in proper pairs were 99.75% and 93.23%, respectively. We also calculated the coverage depth of each base pair with the SAMtools depth function (SAMtools v1.9) and found that the coverage depth was greater than 5 for more than 99.11% of male assembly sequences and for more than 96.76% of the female assembly sequences with the exception for the gap areas. We then used Benchmarking Universal Single-Copy Orthologs (BUSCO, v3.0.2)^[@CR37]^ to assess the assembled genome sequences. We used BUSCO with 4,854 single-copy orthologs from actinopterygii_odb9 to assess the completeness of the female and male turbot genome sequences. For the female genome, 4,427 (96.6%) complete Actinopterygii BUSCOs were present in the female turbot genome, including 4,319 (94.2%) single-copy Actinopterygii BUSCOs and 108 (2.4%) duplicated Actinopterygii BUSCOs. Seventy-two (1.6%) fragmented Actinopterygii BUSCOs were present, possibly due to incomplete assembly, and only 85 (1.8%) Actinopterygii BUSCOs were considered missing in the female genome assembly. For the male genome, 4,467 (97.4%) complete Actinopterygii BUSCOs were present in the male genome, including 94.3% single-copy and 3.1% duplicated Actinopterygii BUSCOs. The fragmented and missing Actinopterygii BUSCOs in male genome represented 1.1% and 1.5%, respectively, of the genome.

To further validate the technical quality of the new male and female genome assemblies, we used nucmer^[@CR38]^ to compare our new male and female genome assemblies with the current reference genome assembly (GCA_003186165.1), then used dnadiff^[@CR39]^ to wrap the comparison results (Table [5](#Tab5){ref-type="table"}). Moreover, LASTZ^[@CR40]^ with optimized parameters (--hspthresh = 4500 --gap = 600,150 --ydrop = 15000 --notransition) and Circos graph were used to make a correspondence analysis between 23 linkage groups and 22 chromosomes in reference genome. Consequently, 21 linkage groups have one-to-one corresponding chromosomes in reference genome, while Lg08 and Lg23 are both corresponding to chromosome 4 (Fig. [5](#Fig5){ref-type="fig"}). The above results indicated that the assembled genome sequences and the gene region assembly are acceptable.Table 5The comparison between the new male and female genome assemblies and the reference genome assembly of turbot.Reference genomeFemale genomeMale genomeTotal Bases524,979,463568,483,288587,187,767Aligned Bases520,165,145 (99.08%)552,306,146 (97.15%)562,821,085 (95.85%)Unaligned Bases4,814,318 (0.92%)16,177,142 (2.85%)24,366,682 (4.15%)Fig. 5Circos graph of whole-genome synteny analysis for female genome and the reference genome of turbot.
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